The structure of benzene deposited on a Cu( 111) surface has been investigated by a combination of temperature-programmed desorption (TPD), high-resolution electron energy loss spectroscopy (HREELS), and near-edge x-ray absorption fine structure (NEXAFS) measurements. The results indicate that benzene forms a stable bilayer on Cu(ll1) at 110 K prior to multilayer formation. The TPD studies show that the second layer benzene desorbs with a peak temperature 5 K higher than that for benzene multilayers. HREELS and NEXAFS results indicate that benzene in the first layer bonds with its T ring parallel to the surface. With increasing coverage, benzene forms a second layer with its GT ring significantly tilted away from the surface. The results are consistent with an approximately perpendicular configuration between the first and second layer benzene molecules, which is analogous to the structure of crystalline benzene. Isotope labeling experiments indicate there is almost complete mixing between molecules in different layers during sequential adsorption at 110 K.
INTRODUCTION
A fundamental question in the evaporative deposition of materials is the mechanism of growth. The three growth modes typically distinguished are: layer-by-layer growth,' formation of three-dimensional crystallites,2 and monolayer deposition followed by clustering.3 The most widely studied systems have been atomic solids, but similar mechanisms can be expected for the deposition of molecular solids. One might, however, expect that, because molecule-molecule and molecule-surface forces can be highly anisotropic, orientational transitions could play an important role in the deposition of molecular solids.
Recent results indicate that benzene is a particularly interesting system in which to study the effects of anisotropic molecule-molecule and molecule-solid interactions on the growth of molecular crystals. In crystalline benzene, the molecules form an orthorhombic lattice in which adjacent molecules assume a T configuration.4 On the other hand, for benzene monolayers on solid surfaces, the molecules bond, for the most pa~t,~-~ with their n rings parallel to the surface plane so that adjacent rings are coplanar. It is of interest to determine at what point and how the bulk benzene structure prevails over the pattern of flat adsorption on a surface. Recent results are beginning to suggest the answers. '-14 In the case of benzene adsorption on graphite, x-ray," neutron,'6*'7 and electron18 diffraction studies indicate that, under equilibrium growth conditions below 230 K, the first monolayer of physisorbed benzene bonds flat on the surface, and subsequent deposition results in the formation of bulk benzene crystallites, a Stranski-Krastanov growth mecha- nism. By contrast, recent results for benzene adsorption at <150 K on Ru(OO~),~ Ni(100),1'*'2 Ni(111),t3 Ni(110),14 and Mo( 1 10)t9 under ultrahigh vacuum (UHV) conditions show that benzene forms a metastable, physisorbed state after about three layers have been deposited. A defining characteristic of this metastable state is that the outermost layer desorbs at temperatures lo-15 K below that where the outer layer of the bulk solid desorbs. Jakob and Menzel have used surface vibrational spectroscopy to identify this state on Ru@Ol) as a physisorbed layer in which the benzene rings are oriented approximately perpendicular to the surface and to the rr rings of the underlying physisorbed and chemisorbed layers which lie flat on the surface. ' For exposures in excess of five layers, desorption of this metastable layer is not observed, and even for a three-layer exposure this metastable state can be converted to a bulk benzene-like state either by slow heating of the crystal or by nucleating the bulk-like state on the first physisorbed layer. Based on these results it was suggested that the perpendicularly oriented third layer is metastable with respect to condensation to bulk benzene crystallites.9 If one equates the chemisorbed benzene layer on Ru(OO1) with the basal plane of graphite, then the two thermodynamic growth modes are identical; in both cases, the first physisorbed benzene layer bonds with its r-rings parallel to the surface, and subsequent deposition forms bulk-like crystallites. (As noted by Jakob and Menzel, these bulk-like crystallites may cover 2D crystallites of the metastable state.') The difference is that a metastable physisorbed layer can be formed on Ru(001) by deposition at low temperatures under UHV conditions. Metastable layers with similar structures are .probably also formed on the other transition metals --that have been studied based on the similarity of the TPD results. In no case, to our knowledge, is there experimental evidence for a thermodynamically stable bilayer of benzene adsorbed on solid surfaces.
In this paper we report studies of benzene deposition on a Cu(l11) surface in which there is evidence for a stable bilayer state. The existence and structure of this bilayer have been studied by a combination of temperature-programmed desorption (TPD), high-resolution electron energy loss spectroscopy (HREELS), and near-edge x-ray absorption fine structure (NEXAFS) measurements. The TPD results show that the second layer benzene desorbs at 5 K higher temperature than benzene multilayers. HREELS and NEXAFS results indicate that benzene in the first layer bonds with its 7r ring parallel to the surface, but there is evidence for both parallel and perpendicular orientations of benzene in the bilayer state. It is proposed that the structure of this bilayer is directly analogous to that suggested for low-temperature benzene deposition on Ru(001) precovered with a chemisorbed benzene monolayer except that, on Cu( 11 l), the second physisorbed layer is energetically stable, not metastable, with respect to bulk benzene.
II. EXPERMENT
The experiments were performed in ultrahigh vacuum (UHV) systems at Columbia University and Brookhaven National Laboratory. Details of the Columbia UHV chamber and of the experimental procedures for temperatureprogrammed desorption (TPD) and surface vibrational studies are described in Ref. 20 . Briefly, the Cu(ll1) crystal (Monocrystals, 99.999%) was cleaned by cycles of Ar+ sputtering and annealing. Reactants were adsorbed onto the crystal by backfilling the chamber. C,H, (Fisher, research grade) and C6D6 (Aldrich, 99.5 at. 96 D) were purified by several freeze-pump-thaw cycles with liquid nitrogen prior to dosing, and sample purities were confirmed in situ by mass spectrometry. All exposures are reported in Langmuirs [l Langmuir (L)= 1 X 10e6 Torr s] and are uncorrected for ion gauge sensitivity.
The quadrupole mass spectrometer (QMS) is installed behind a differentially pumped shield containing a 2 mm diam aperture. In TPD studies, the sample was held l-2 mm from the aperture so that only molecules evolved from the central portion of the 1 cm diameter crystal were detected. The heating rates in TPD experiments were 4 K/s. The HREELS spectrometer consists of single-pass 127" cylindrical electron monochrometer and analyzer sectors and was operated at a beam energy of 3-4 eV. All the HREEL spectra were taken in the specular direction (oh= 19,,,=60' from the surface normal) at 120 K after briefly annealing to the desired temperature.
The NEXAFS measurements were conducted on beamline Ul of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory. A detailed description of the experimental endstation apparatus can be found in Ref.
21. The two-stage UHV chamber is equipped with an ion sputtering gun, a quadrupole mass spectrometer (QMS), and an Auger electron spectrometer, which allowed us to confirm that the desired benzene-covered surfaces were reproduced in this chamber. Benzene was dosed onto Cu( 111) through a capillary doser. Because the peak shapes and temperatures in the benzene thermal desorption spectra are highly coveragedependent (see Fig. l) , the capillary array exposures were readily calibrated by the appearance of the various TPD fea- tures. Control experiments on clean and benzene-precovered Cu(ll1) surfaces verified that carbon monoxide and water adsorption from the background gases (P= 1 X 1 Om9 Torr) had no detectable effect on the benzene NEXAFS spectra reported here. All spectra were recorded using a partial electron yield detector with a retarding voltage of 194 eV. The resolution of the synchrotron monochromater was set at 0.75 eV throughout the studies except in experiments focused on the peak width of the rr*(e.& transition as shown in Fig. 6 , where the resolution was 0.30 eV. All the NEXAFS spectra reported have been divided by spectra of the clean surface taken at the same incidence angle, and by the ratio of the signals from a reference grid which monitors the incident beam intensity simultaneously with the NEXAFS spectra.
The validity of such a treatment has been discussed in detail by Outka and St6hr.22 Each spectrum has also been normalized to a value of 0.0 in the preedge region, and the edge jump heights have been equated if the spectra are from the same adsorbate-covered surface. I? and a* transitions were fit by either symmetric or asymmetric Gaussian functions and the continuum steps by error functions.22
III. RESULTS AND INTERPRETATION
A. Temperature-programmed desorption Benzene adsorbs and desorbs molecularly from a Cu( 111) surface. After benzene adsorption, no desorption of H2 or other carbon-containing species was detected, and there is no carbon deposition on the surface as monitored by AES. Figure 1 shows the TPD spectra for molecular benzene-d6 (m/e = 84) as a function of exposure. For a 0.2 L exposure, benzene desorbs with a peak temperature of 225 K with a high-temperature tail extending to 300 K as shown in the inset of Fig. l(A) . With increasing exposure this peak increases in size, and both the peak temperature and the onset of desorption shift to lower temperature; the tail remains the same in size and temperature. We attribute the hightemperature tail (above 250 K) to desorption from surface defect sites. For exposures above 2.5 L, the leading edge of the desorption peaks overlap, and the peak temperature stays approximately constant at 155 K. For exposures above 8 L an additional peak appears in the leading edge, and grows with increasing benzene-d, exposure. This peak does not saturate over the exposure range examined (up to 20 L), and the alignment of the leading of edges in this peak suggests zero order desorption kinetics. The amount of molecularly desorbing benzene, as derived from the TF'D peak area, is plotted vs benzene exposure in the inset of Fig. l(B) . The linear increase in the benzene yield indicates that the benzene sticking probability at 120 K on Cu(l11) .is constant over the coverage range studied. A similar coverage-independent sticking probability for up to multilayer coverages has been reported for benzene adsorption at 110 K on Ru(OO~).~ There have, however, also been reports that the benzene sticking probability slightly decreases [M0(110)'~] or increases [Ni( 100) '*I upon completion of the monolayer.
Molecular desorption of benzene from Cu ( 111) is typical of aromatics on the noble metals.= Also common for desorption is the substantial broadening of the desorption peak to lower temperatures for submonolayer exposures.24 This broadening has been attributed to repulsive lateral interactions among the adsorbates bound to the surface. We thus assign the broad TPD peak from 150-240 K in Fig. l(A) to desorption from the monolayer. Similarly, the lack of saturation of the 152 K peak in Fig. l (B) readily identifies this peak with the desorption of benzene multilayers. An analysis of the desorption rate assuming zeroth order kinetics as suggested by the alignment of the leading edges of the peaks" yields a desorption activation energy of 41.4 kJ/mol with an uncertainty of 20.9 kJ/mol from the statistical analysis. The absolute uncertainty is estimated to be --+3 kJ/mol based on a -t-10 K uncertainty in our surface temperature measurement. Within this uncertainty, the activation energy is consistent with the reported heat of benzene sublimation of 42-43 kJ/mo1F6
The assignment of the 157 K peak, which appears for exposures above 2.5 L and saturates at -8 L, is less clear. An analysis of the desorption rate using the leading edge of this peak for a temperature range where the surface coverage changes by less than 10% gives an activation energy of 48.4 kJ/mol (statistical uncertainty=0.6 kJ/mol), which is slightly larger than the multilayer desorption energy. Among the possible explanations for this peak are desorption from a second layer or multiple orientations for benzene in the monolayer. We defer further discussion of these possibilities to Sec. IV, but it should be emphasized that there is no evidence for a metastable physisorbed state such as that which has been observed to desorb at lower temperature than for benzene multilayers on Ru(OO~),~ Ni(111),13 Ni(100),""2 Ni(110),14 and Mo( 1 10).t9
In the following two sections, the bonding and orientation of the benzene molecules on Cu(ll1) as a function of coverage are investigated by HREELS and NEXAFS measurements. Based on the TPD spectra in Fig. 1 , the three exposure regimes of interest are (1) below 2.5 L where the peak shifts down with exposure, (2) between 2.5 and 7 L where the peak temperature is approximately constant at 155-157 K, and (3) above 7 L where multilayer desorption is observed.
B. Surface vibrational spectroscopy
High-resolution electron energy loss spectra (HREELS) for benzene adsorbed on Cu(ll1) as a function of exposure are shown in Fig. 2 . The spectrum in 2D is for 25 L (multilayers) of benzene condensed at 110 K. As expected, the peak frequencies are consistent with those measured by infrared spectroscopy for gas phase benzene, and we assign the observed peaks to vibrational modes by comparison with the gas phase spectra." The assignments are listed in Table I . It is clear from the peak assignments listed in Table I that both in-plane and out-of-plane modes have significant intensity in the specular HREELS spectrum for multilayers of benzene.
The spectrum in Fig. 2 (A) for a 1.5 L benzene exposure is attributed to a submonolayer coverage of adsorbed benzene based on the TPD results shown in Fig. 1 . Compared with the spectrum for multilayers in Fig. 2(D) , the relative peak intensities are dramatically different. The dominant peak in the monolayer spectrum is the intense out-of-plane bending mode [y(CH)] at 675 cm-' while the intensities of the in-plane stretching v(CH) and bending /?(CH) modes are quite weak, being screened out by the induced surface dipoles. Since dipole scattering, which predominates in the HREELS spectrum,28 selects against dynamic dipole moments parallel to the surface plane, such a spectrum indicates that, at submonolayer coverages, benzene bonds with its T ring parallel to the surface plane. This bonding configuration is typical for aromatics adsorbed on transition metal surfaces.29 The frequency of the totally symmetric ACH) mode (~4; Herzberg notation3') relative to its gas phase value of 673 cm-' has been used as a measure of the degree of interaction between benzene and the surface.6*29 The almost identical value for the frequency of this mode in the gas phase and on the surface implies a weak benzene/copper interaction, consistent with desorption below room temperature in the thermal desorption experiments. For exposures above 2.5 L, the average orientation of the benzene molecules changes from lying flat on the surface to tilting away from the surface plane. This change is evident from a comparison of the peak intensities in Figs. 2(A)-2(C). The increase in the intensity of the in-plane ring stretching modes at 1165, 1480, and 1595 cm-' as well as the C-H stretching modes at 3050 cm-' relative to that for the out-of-plane y(CH) mode at 675-680 cm-' indicates, within the dipole scattering approximation,28 that the plane of the w ring is tilting away from the surface plane. It should be emphasized, however, that since the spectra reflect the average orientation of the benzene molecules, it is possible that all of the benzene molecules adsorbed at 2.5 L and below remain flat on the surface while subsequent molecules bind inclined with respect to the surface plane. This possibility, which is not unexpected based on the T configuration for benzene in the crystalline state, is discussed further in Sec. IV. Note, however, that based on the remaining strong intensity for the out-of-plane dCH) mode at 680 cm-' for the 6.0 L exposure in Fig. 2(C) we can rule out the possibility that all molecules are oriented with their r rings perpendicular to the surface in this high coverage benzene state. Note also that the gradual change in the average orientation of the benzene molecules for exposures above 2.5 L correlates the appearance of the 157 K peak in the TPD experiments.
C. NEXAFS measurements
Near-edge x-ray absorption fine structure (NEXAFS) spectra of benzene multilayers condensed on Cu( 111) at 100 K are in good agreement with gas phase spectra and with those previously reported for multilayers condensed on Pt( 11 1),31 Ni( 11 1),32 and Ag( 1 1O).33 A spectrum recorded at the carbon K edge for grazing incidence (8=20", where 0 is the angle of incidence with respect to the surface plane) is shown in Fig. 3 . Based on the work of Horsley and co-workers,31 the two sharp resonances at 285.0 and 288.8 eV are assigned to 1s to .rr*(ezU) and r*(b2,) transitions, while the broad peaks at 293.3 and 300.3 eV are assigned to dr(C-C) resonances. The shoulder at 287.2 eV has been attributed to a ti(C-H) resonance. These assignments are summarized in Table II. NEXAFS spectra taken at grazing and normal incidence after annealing an adsorbed multilayer at 160 K to produce a submonolayer coverage of benzene on the surface (as confirmed by TPD measurements) are shown in Fig. 4 . The most significant features in the NEXAFS spectrum of submonolayer benzene on Cu( 111) are the different polarization dependences for the I? and d* transitions. Since the intensities of the NEXAFS transitions follow the selection rules for photoabsorption, and the transition dipole for the ti orbitals of benzene is localized perpendicular to the molecular plane while that for the & orbitals is in the molecular plane, these two transitions will have different polarization dependences provided the molecules are not randomly oriented or uniformly oriented at the magic angle. If the molecules are adsorbed with their molecular plane parallel to the surface plane, the intensity of the ny" resonance will have a maximum at grazing incidence (8=20") while at normal inci- dence (0=90") its amplitude will be reduced to zero. The situation will be reversed for the ti resonance. The observation of two strong 7ic transitions but very weak d* transitions at grazing incidence but weak ti transitions and intense @ transitions at normal incidence in Fig. 4 indicates that benzene adsorbs with its rr ring almost parallel to the surface. The average angle of inclination for the benzene rings from the surface plane can be calculated using the relation that the intensity of the 7ir excitation I,( 6, a) is given by%35 I,(B;a)-p(sin*cr sin*t9 + 2 cor?~y cos*@
where (Y is the angle between the molecular plane and the surface, 8 is the angle of x-ray incidence from the surface plane, and P is the degree of linear polarization of the synchrotron radiation. After fitting the spectra in Fig. 4 with the dashed curves using procedures described in Sec. II and using a polarization purity of 0.85, the average angle by which the benzene rr rings are inclined from the surface plane was calculated to be 20". This nonzero value may be due to a small fraction of molecules which bond with a tilted orientation at defect sites. In a recent paper,33 Liu et al. concluded that the IO"-15" angle of inclination calculated from the angular dependence of the NEXAFS spectra for benzene on Ag( 110) does not reflect the global orientation of the benzene molecules because the intensities of the nr" resonance were not azimuthally dependent. The small but nonvanishing 7iF resonance seen in the normal incidence spectrum was therefore attributed to the presence of a tilted minority species on the surface, and we suspect that a similar interpretation also apphes for benzene on Cu(lll), particularly since there is evidence from the TPD spectra for desorption from defect sites. An alternative explanation is that since the time scale for an electronic transition is much shorter than that for a molecular vibration, low-frequency, large amplitude vibrations that tilt the r ring away from the surface plane introduce an apparent tilt angle to the NEXAFS spectrum which reflects a time-averaged superposition of all orientations sampled during the vibration.36-38 In our case, however, such a dynamical effect is probably minimal because (1) the appropriate vibrational modes are not expected to be at particularly low frequency t-300 vs 68 cm-' for the frustrated Photon Energy (eV) FIG. 5. NEXAFS spectra after Bashing benzene multilayers to 150 K to leave -5 L of benzene on Cu(l11). As shown by the inset schematics, the x rays were incident onto the surface at 90" (top spectrum) and 20" (bottom spectrum) from the surface plane.
rotation of NO on Pt(l 10)36], and (2) the NEXAFS spectra were acquired at 100 K so that vibrational excitation at these energies is minimal. Figure 5 shows the NEXAFS spectra recorded after flashing multilayers to 150 K to produce a surface coverage equivalent to that for a 5 L exposure of benzene. We will refer to this layer as the "high coverage" benzene layer, i.e., the layer that produces a TPD peak at 157 K but no multilayer peak at 152 K. Comparing the NEXAFS spectra for this layer with those for the flat-lying monolayer in Fig.  4 , it is obvious from the change in the relative intensities of the fl and ti transitions that there is change in the average orientation of the rr rings. From these intensities, however, we cannot tell whether all of the molecules are tilted at the same angle or there are multiple molecular orientations on the surface. The peak widths, on the other hand, provide evidence for two molecular orientations. If only one species is present, then the peak width for any given transition is expected to be independent of the angle at which the light is incident upon the surface. In the case of the 1s--+rr*(e2J transition, the peak widths are different at normal and grazing angles; this point is more evident in Fig. 6 , where these fi peaks are normalized and compared with those at grazing incidence for multilayer and submonolayer coverages. Narrow peaks .eV) are observed for the multilayer at both incidence angles, and, at normal incidence, for the high coverage benzene spectrum. By contrast, at grazing incidence, the ti transitions for the submonolayer and the high coverage benzene layer are broader by almost 50% (FWHM=0.93 eV). (The intensity of the fi transition for the submonolayer at normal incidence is too low to be compared.) In summary, for high coverages of benzene on Cu(l11) the # transition at normal incidence looks like multilayers of benzene, while that at grazing incidence looks like the flat-lying monolayer. benzene adopts two orientations on the surface: a flat-lying orientation whose broadened fi transition is sampled at grazing incidence and an approximately vertical orientation whose multilayer-like 7ir transition is sampled at normal incidence. Liu et al. have previously concluded from a comparison of the NEXAFS spectra for benzene on Ag(llO), Pt(l1 l), and Mo(ll0) that interaction of the benzene rr* orbitals with metal states is the main cause of broadening of the-7ip transition in a strongly adsorbed system such as ben-' zene on Mo( 1 IO), where adsorption is irreversable and benzene decomposes upon heating the surface." We believe such molecule/surface interactions as well as a reduced lifetime of the I? final states due to delocalization are the primary reasons for the broadened rr* transition in a weakly interacting system such as benzene/Cu( 111). The lack of any detectable broadening for the 77'* transition at normal incidence is consistent with a lack of interaction between the rr orbitals and the metal for vertically bound benzene. It has been reported that for a tilted form of benzene adsorbed on Pd(lll) at low temperature, the width of the r? transition is essentially the same in the monolayer and multilayers. The results above have established that (1) at least two states for adsorbed benzene are populated on Cu( 111) prior to multilayer formation (TPD), (2) the average molecular orientation in these two states is dramatically different (HREELS), and (3) the change ,in the average orientation with coverage can be attributed to at least two distinct orientations for the adsorbed benzene at high coverages (NEXAFS). In this section, isotope labeling is used to show that there is exchange between these two or more molecular orientations and that this exchange occurs at the absorption temperature of 110 K.
The simplest explanation for these peak widths is that Figure 7 shows typical TPD spectra for benzene multilayers formed on Cu( 111) by sequential adsorption of C,H6 and C,D,. In this case, the multilayer was prepared by first adsorbing 1.2 L of C6H6 followed by 9.0 L of C6D6. In the absence of exchange, one would expect all of the C,H, to 10 Cu(l1 l)/ C6H6 ,'., ',",'. ..,.~,,, '"','.",'"',"l '(.'.',."',' 284 285 desorb above 160 K while the C,D, would desorb primarily below 160 K (see Fig. 1 ). The results in Fig. 7 show that this is not the case. C,H, (m/e -7 8) desorption is observed in all three peaks. Furthermore, by multiplying this TF'D spectrum by a factor of 7, the result is virtually superimposable with that for C,D,, indicating that both isotopes are randomly distributed among the adsorbed layers. This result indicates that, not only is there exchange between the two benzene orientations present at high coverage, but there is also exchange with molecules in the multilayer. To determine whether this exchange occurs at the adsorption temperature or during the TPD warmup, HKEELS studies have been performed. Selected results are shown in Fig. 8. Figure 8(A) shows the spectrum for sequential adsorption of 0.5 L of C6H, and 2.5 L of C,D,. The spectrum is consistent with that for 3.0 L of C,H, in Fig. 2(B) in the sense that the ACD) and y(CH) modes at 500 and 675 cm-', respectively, are much more intense than the v(CD) and v(CH) modes at 2305 and 3060 cm-'. The very low C-H and C-D in-plane mode intensities indicate that all of the molecules bond with their rr rings parallel to the surface. By contrast, when the high coverage benzene state is formed by adsorbing 1.5 L of C,H, followed by 4.5 L of C,D6, the average orientation of both isotopes changes. These results are shown in Fig. 8(B) . Note that in addition to all of the in-plane modes at 700-1500 cm-', both the v(CH) and v(CD) modes have significant intensity. Since 1.5 L of C6H, alone yields a HREELS spec'trum with no detectable v(CH) mode [see Fig. 2(A) ], the appearance of this mode at 3060 cm-' in Fig. 8(B) indicates that the average orientation of the molecules has been changed by the subsequent adsorption of C,D,. In other words, there is mixing between the different molecular orientations at the adsorption temperature of 110 K. Annealing this mixed layer to 160 K to remove the high coverage benzene state, returns the surface to a mixed monolayer of flat-lying benzene species as evidenced by the HREELS spectrum in Fig. 8(C) .
IV. DISCUSSION
The HREELS and NEXAFS results presented above show that for exposures less than 2.5 L, benzene bonds to Cu( 111) with its m ring parallel to the surface plane. Taking the relative ion gauge sensitivity of benzene to be 5.739 and assuming a sticking probability of 1 at the adsorption temperature of 110 K, this exposure corresponds to a surface coverage of 1 X 1014 benzene molecules/cm2. The maximum surface coverage expected for a layer of coplanar benzene molecules based on their van der Waals radii of -1.5X 1014 molecules/cm2.29 Given that the ion gauge calibration is probably only accurate to within a factor of 2, we can reasonably conclude that a 2.5 L exposure corresponds to a close-packed layer of flat-lying benzene molecules. As mentioned previously, such a flat-lying adsorption geometry is typical for benzene adsorption at submonolayer coverages on transition metal surfaces.29
For benzene exposures between 2.5 and 7 L, a distinct molecular desorption peak, which is -5 K above the multilayer desorption temperature, is observed. The HRE,ELS and NEXAFS spectra indicate that the average angle of the rr rings relative to the surface plane increases dramatically with exposure over this range. The angular dependence of the NEXAFS peak widths also provides evidence for at least two orientations of the benzene rings. An important question is whether these two (or more) orientations all exist in the monolayer, or whether a bilayer is present on the surface over this coverage range. This question can be addressed in part by considering the absolute surface coverage and the van der Waals radii of benzene. The nominal benzene coverage at saturation of the high coverage state is 2.7X 1014 molecules/cm2 based on the ion gauge sensitivity and an assumed sticking probability of 1 (see above). The maximum packing density expected for a twodimensional array of benzene molecules oriented with the planes of the their rr rings perpendicular to the plane of the array is -2.7X lOI molecules/cm2. Since a substantial fraction of the adsorbed benzene molecules do not bond with their rr rings perpendicular to the surface plane in the high coverage structure on Cu(lll), this result strongly argues that not all benzene molecules in the high coverage state can be adsorbed in the same layer on the surface. Note also, that if the two benzene desorption states are correlated with two layers on the surface, then the ratio between the number of second layer and first layer molecules is 1.8 based on integrating the TPD peaks [(7-2.5)/2.5]. This value is within 10% of the packing ratio for perpendicular and parallel adsorbed benzene as determined from van der Waals radii.
The assignment of the 157 K benzene TPD peak to desorption from a second layer is consistent with TPD results from other surface/adsorbate systems. Similar second layer TPD peaks have, e.g., been observed for Xe/W(110),4° C6HL2/Ni( 11 l)$r and CH3Cl/Pd(100).42 The second layer peaks in all of these spectra show characteristics analogous to what is observed here for benzene on Cu(ll1): The peak occurs 5-15 K above the multilayer peak and the leading edges of the peaks line up while the tailing edges do not drop as rapidly as one would expect for zero order desorption. Opila and Gomer have discussed possible explanations for this behavior for the case of Xe on W( 1 1O).4o By contrast, for benzene on Pd(lll), where there is NEXAFS evidence for a tilted orientation in the monolayer at high surface coverages, the desorption peak for this tilted benzene is at 280 K, which is -130 K higher than the multilayer desorption temperature.= A bilayer model for benzene on Cu(l11) is also supported by the HREELS and NEXAFS results. For example, the NEXAFS results indicate that benzene adopts two orientations on the surface: a flat-lying orientation whose broadened ti transition is sampled at grazing incidence and an approximately vertical orientation whose multilayer-like fl transition is sampled at normal incidence. We are thus lead to propose that the high coverage state of benzene on Cu( 111) consists of a bilayer in which the first layer benzene bonds with its rr ring parallel to the surface plane, and the second layer benzene is oriented perpendicular to the surface. A schematic diagram of such an oriented bilayer is shown in Fig. 9 . The evidence that the benzene molecules in the second layer interact with the first layer molecules as opposed to directly with the metal surface includes the following observations: (1) the absolute surface coverage and van der Waals 9 . Schematic diagram of the structure proposed for the benzene bilayer on Cu(ll1). The key feature of the model is that the second layer benzene molecules are perpendicular to those in the first layer similar to the structure of crystalline benzene. The registry between the first and second benzene layers is unknown. It should also be noted that the ratio of second layer molecules to first layer molecules is not I:1 as implied by this schematic. On Cu(lll), the second layer: first layer ratio is approximately 1.8. radii suggest that there is insufficient space for these second layer species in the monolayer, (2) the NEXAFS rr* transition at normal incidence shows no evidence for broadening due to interaction with the metal surface, (3) the HREELS spectra show no softening of the CH stretching modes, an effect which might be expected for an end-on approach of the rr rings to the surface,43*44 and (4) the TPD results show a heat of adsorption which is within 10 kJ/mol of that for sublimation from benzene multilayers.
The perpendicular orientation between the first and second layer benzene molecules in such a bilayer structure is expected in the sense that this is the energetically most favorable structure in crystalline benzene and in benzene dimers. Bacon et al. have reported that at 138 K, the normal crystalline form of benzene is orthorhombic with four molecules per unit cell. The nearest-neighbor molecules in this structure have an edge-to-side relationship with a dihedral angle of 87".45 Similarly, ab initio SCF calculations performed for several structures of the benzene dimer indicate that a T arrangement of the dimer is favored over the parallel structure by a difference of 6.3 k.I/mo1.46 It is likely that in the case of benzene on Cu(l1 l), interactions between the benzene r orbit& and the metal orbitals controls the orientation of the first layer molecules, while anisotropic benzene-benzene interactions which favor a T arrangement determine the orientation of the second layer molecules. The resulting bilayer closely resembles the structure of alternating planes in crystalline benzene.4
It should be noted that there is a distinct difference between the structure shown schematically in Fig. 9 and that for two layers of crystalline benzene. In the bilayer structure that we have proposed, the molecules directly adjacent to the copper surface are oriented with their rr rings parallel to the surface plane, while in the analogous plane of crystalline benzene the rr rings are not coplanar. One possibility is that in the bilayer structure for benzene on Cu( 111) the r rings in the benzene layer adjacent to the surface are tilted away from the surface plane to form a structure more directly analogous to that for bulk benzene. Such a structure would also account for some of the change in molecular orientation observed in the HREELS results of Fig. 8 without the need for postulating isotope exchange between the layers at the adsorption temperature. While we cannot rule out these possibilities, we favor the structure suggested in Fig. 9 where the benzene molecules adjacent to the surface maintain their parallel orientation with respect to the surface. We favor such a model for the same reason given by Jakob and Menzel for benzene adsorption on Ru(OO~),~ i.e., the number of molecules in the second layer is substantially larger than that in the first layer [a ratio of 1.8: 1 .O on Cu( 11 I)] while crystalline benzene has a 1:l ratio of molecules in adjacent planes.
The surprising aspect of the benzene bilayer on Cu( 111) is that it appears to be stable with respect to formation of three-dimensional crystallites in the second layer. This behavior contrasts with that for benzene on graphite, where bulk crystallites are observed in the second layer. While the graphite experiments were done under equilibrium (thermodynamic) growth conditions as opposed to the kinetic measurements here of benzene desorption under vacuum conditions, the 5 K higher TPD peak temperature for the bilayer on Cu(ll1) relative to multilayers indicates that under vacuum conditions the bilayer is at least energetically stable with respect to formation of three-dimensional crystallites. By contrast, as noted in the Introduction, the second physisorbed benzene layer on a number of transition metals desorbs at lower temperature than the multilayer, suggesting that the bilayer is metastable. Two aspects of these metastable bilayers deserve comment. First, it is interesting that the first physisorbed layer (which lies on top of a strongly chemisorbed layer and beneath the metastable physisorbed layer) bonds with its r rings parallel to the surface plane. Based on the structure of crystalline benzene and on the bilayer structure we propose on Cu(l1 l), one might have expected the tirst physisorbed layer to bind perpendicular to the rr rings in the chemisorbed layer. Either the lattice match is poor, or the electronic structure of the chemisorbed molecules is sufficiently distorted that a vertical orientation is no longer favored. Second, as noted previously by Jakob and Menzel,' the metastable nature of the second physisorbed layer on the transition metals is consistent with the Stranski-Krastinov growth mode found for benzene on graphite. The finding here that a similar bilayer structure is energetically stable with respect to bulk benzene suggests that Cu(ll1) has a subtle effect on either the packing or electronic structure of the benzene monolayer which increases the stability of the bilayer relative to multilayers.
Finally, the dynamics of the bilayer state on Cu(ll1) are of interest. The TPD and HREELS results from the isotope labeling studies presented here indicate that there is exchange between these layers, as well as between the first layer and the third layer, at the adsorption temperature of 110 K. Similar behavior has been reported for physisorbed benzene on Ru(OO~),~ Ni(100),"~12 and Pt(111).47 We cannot determine from our results whether this exchange occurs only during the adsorption process, or also in the adsorbed layer once formed. While the TPD results in Fig. 7 suggest that the degree of mixing is almost complete for -3 layers, the measurably lower relative intensity of m/e = 84 in the monolayer peak (compare the solid and dashed lines for the tail above 170 K) suggests that complete mixing may only occur becess. Further studies on thicker layers are needed to answer : this question.
V. CONCLUSIONS
Based on the results above, three distinct regimes have been identified for benzene adsorption at 110 K on a Cu( 111) surface: monolayer, bilayer, and multilayers. In the monolayer, the benzene molecules bond with their rr rings approximately parallel to the surface, there is evidence for repulsive interactions between the adsorbed molecules, and the molecule-surface interaction is <60 kJ/mol, so that the vibrational frequencies are relatively unshifted compared with those for gas phase benzene and the molecules desorb molecularly intact below room temperature. Benzene multilayers are characterized by a desorption activation energy of -41 kJ/mol consistent with the heat of sublimation for solid benzene. For coverages between the flat-lying monolayer and multilayers, a distinct adsorption state with a desorption peak temperature 5 K higher than the multilayer is observed. Based on HREELS and NEXAFS results, the absolute surface coverage, and the van der Waals size of benzene, we attribute this intermediate state to a benzene bilayer in which the second layer molecules are oriented with their rr rings approximately perpendicular to the flat-lying monolayer.
